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Abstract. The present study aimed to investigate the mecha-
nism of glucagon-like peptide-1 receptor (GLP-1R) agonists 
in the progression of diabetic peripheral neuropathy (DPN) in 
streptozotocin (STZ)‑induced diabetic rats, through inflamma-
tory signaling pathways. The DPN rat model was generated by 
intraperitoneal injection of STZ and then treated with the GLP-1R 
agonist liraglutide or saline for 8 weeks. These animals were 
randomly divided into 4 groups (10 rats in each): The normal 
control + saline group, the normal control + liraglutide group, the 
diabetic + saline (DM) group and the diabetic + liraglutide (DML) 
group. The nerve conduction velocity (NCV) in the sciatic nerves 
of the rats was monitored over a period of 8 weeks. Peripheral 
serum was obtained for the measurement of blood glucose, 
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and IL-1β 
level. The protein levels of phosphorylated (p-) and total extra-
cellular signal-regulated kinase, c-Jun NH2-terminal kinases, 
p38 mitogen-activated protein kinases (MAPK), and nuclear 
and cytoplasmic nuclear factor-κB (NF-κB) were measured 
through western blot analysis. Sciatic nerve mRNA expression 
levels of proinflammatory chemokines (TNF‑α, IL-6 and IL-1β), 
chemokines [monocyte chemoattractant protein-1 (MCP-1)], 
adhesion molecules [intercellular adhesion molecule 1 (ICAM-1)], 
neurotrophic factors [neuritin, nerve growth factor (NGF) and 
neuron‑specific enolase (NSE)] and NADPH oxidase 4 (NOX4) 
were evaluated by reverse transcription-quantitative polymerase 
chain reaction. Subsequent to 8 weeks of treatment with liraglu-
tide, the density of myelin nerve fibers was partially restored in 

the DML group. The delayed motor NCV and sensory NCV in 
the DML group were improved. The IOD value of NOX4 staining 
in the DML group (24.43±9.01) was reduced compared with that 
in the DM group (56.60±6.91). The levels of TNF-α, IL-1β and 
IL‑6 in the peripheral serum of the DML group were significantly 
suppressed compared with those of the DM group. It was also 
observed that the mRNA expression levels of TNF-α, IL-6, IL-1β, 
MCP‑1, ICAM‑1 and NOX4 in the sciatic nerve were attenuated 
in the DML group. The mRNA expression of neuritin and NGF 
was significantly increased in the DML group compared with that 
of the DM group; NSE was reduced in the sciatic nerves of the 
DML group compared with that of the DM group. Additionally, 
the protein expression of p-p38 MAPK and NF-κB in the DML 
group was significantly suppressed. These data demonstrated that 
GLP-1R agonists may prevent nerve dysfunction in the sciatic 
nerves of diabetic rats via p38 MAPK/NF-κB signaling pathways 
independent of glycemic control. GLP-1R agonists may be a 
useful therapeutic strategy for slowing the progression of DPN.

Introduction

Diabetic peripheral neuropathy (DPN) is the most common 
microvascular complication of diabetes, with an overall preva-
lence of 50-60%, and an association with high morbidity and 
mortality rates (1). DPN exhibits characteristics of progressive, 
distal-to-proximal peripheral nerve degeneration leading to pain 
and weakness, followed by loss of sensation (2). Despite the 
existence of various drugs that have anti-oxidative stress and 
neurotrophic factor properties, which have been shown to amelio-
rate DPN, the number of patients with the condition is increasing 
markedly worldwide (3-7). Therefore, there is a requirement to 
identify novel drugs and targets for alleviating DPN.

Glucagon-like peptide-1 receptor (GLP-1R) agonist, liraglu-
tide, is a type of GLP-1 derivative that has a 97% homologous 
amino-acid sequence to GLP-1, with the addition of a fatty acid (8). 
Liraglutide has been established as a daily injectable treatment for 
type 2 diabetes mellitus, with effects including the stimulation 
of insulin secretion, the suppression of glucagon and a decrease 
in appetite (9). Recently, studies have revealed the that GLP-1R 
agonists can exhibit beneficial effects in the central and peripheral 
nervous systems, which may have therapeutic implications for 
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treating diabetic neuropathy (10-12). However, the exact mecha-
nisms involved remain under study. Persistent hyperglycemia is 
believed to activate oxidative stress and inflammatory pathways. 
The activation of inflammatory pathways can upregulate the gene 
expression of proinflammatory cytokines, and serve a critical role 
in the initiation and perpetuation of DPN (13,14). The involvement 
of oxidative stress has consistently been indicated in peripheral 
nerve demyelination and degeneration, increased sensory afferent 
excitability and neuropathic pain induction (1). The present study 
investigated whether liraglutide alleviates the severity of DPN by 
inhibiting inflammatory signaling pathways.

Materials and methods

Drugs and reagents. GLP-1R agonist liraglutide (batch 
no. CP51039) was purchased from Novo Nordisk 
Pharmaceutical Co., Ltd., (Beijing, China). Streptozotocin (STZ; 
cat. no. WXBB2432V) was obtained from Sigma‑Aldrich; Merck 
KGaA (Darmstadt, Germany). Citric acid (cat. no. 20100830) 
was from Chengdu Kelong Chemical Reagent Factory (Chengdu, 
Sichuan, China) and trisodium citrate (cat. no. 2011092803) was 
purchased from Shanghai Real Chemical Reagent Co., Ltd. 
(Shanghai, China). Rat tumor necrosis factor-α (TNF-α; 
cat. no. 100335038), interleukin-1β (IL-1β; cat. no. 101064016) 
and IL-6 (cat. no. 100527031) platinum enzyme-linked immu-
nosorbent assay (ELISA) reagents were obtained from Bender 
MedSystems GmbH (Vienna, Austria). The reverse transcription 
kit (cat. no. R011) was purchased from Takara Biotechnology Co., 
Ltd. (Dalian, China). Antibodies against phosphorylated (p)-extra-
cellular signal-regulated kinases (ERK; Thr202/Tyr204), total 
ERK, p-c-Jun NH2-terminal kinases (JNK; Thr183/Tyr185), total 
JNK, p-p38 mitogen-activated protein kinase (MAPK; Tyr322), 
total p38 MAPK, p65 subunit of nuclear factor-κB (NF-κB p65), 
goat anti-rabbit, rabbit anti-mouse, glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH ) and Histone H3 were purchased from 
Cell Signaling Technology, Inc. (Danvers, MA, USA).

Experimental animals. Male Sprague-Dawley (SD) rats (n=40; 
180-200 g weight, 8 weeks old) were purchased from Shanghai 
Sippr-BK Laboratory Animal Co., Ltd. (Shanghai, China). All 
rats were maintained under an environmentally controlled 
atmosphere (temperature, 23˚C; relative humidity, 45%) and a 
12 h light/12 h dark cycle. Rats received water and food freely 
and were allowed to acclimatize for 1 week before drugs injec-
tion. The specific pathogen‑free SD rat certification number was 
SCXK(Hu) 2013‑0016. All animal experiments were approved 
by the Ethics Committee of Animal Care of the Nanjing 
Medical University (Huai'an, Jiangsu, China), according to the 
Guidelines for Animal Experiments of the Chinese Academy 
of Medical Sciences. After 12 h of fasting, the fasting blood 
glucose (FPG) was monitored and selected <8.9 mmol/l FPG 
was selected as the rat model. Diabetic rats were then induced 
by intraperitoneal injection of a single dose of STZ at 60 mg/kg 
body weight, in an injection volume of 1 ml/100 g. After 72 h, 
STZ-injected rats with a blood glucose level of >16.65 mmol/l 
were selected as the diabetic animal model. The control group 
was injected with equal amounts of sterile citric acid/sodium 
citrate buffer. The animals were randomly divided into 4 groups 
(10 rats in each): The normal control + saline group (NC), the 
normal control + liraglutide group (NCL), the diabetic + saline 

(DM) group and the diabetic + liraglutide (DML) group. The 
NCL group and the DML group were treated with liraglutide at 
200 µg/kg/day for 8 weeks. The NC group and the DM group 
were treated with saline at the same dose for 8 weeks. Blood 
glucose levels and body weight were monitored each week during 
the experiment. Tail vein blood was used for measuring the level 
of blood glucose by OneTouch® UltraVue™ (Johnson & Johnson 
Medical Companies, Shanghai, China). The diabetic animals 
were continuously fed for 8 weeks to generate animals with DPN.

Histological examination. The rats were anesthetized by peri-
toneal injection with 10% chloral hydrate (500 mg/kg) prior to 
sciatic nerve tissue samples being taken. Sciatic nerve tissue 
from the same rat was isolated after the NCV determination. 
Sciatic nerve tissue samples (sections 4 µm thick) were fixed in 
10% formalin at 4˚C for 24 h, dehydrated through a graduated 
ethanol series and embedded in paraffin blocks. The sciatic 
nerve sections were stained with H&E at room temperature. 
The staining procedure was as follows: The sections were 
deparaffinized, followed by 2 changes of xylene for 10 min each, 
re-hydration in 2 changes of absolute alcohol for 5 min each, then 
95% alcohol and 70% alcohol for 2 min, and washing in distilled 
water. The sections were then stained in Harris' hematoxylin solu-
tion for 8 min and washed under running tap water for 5 min. This 
was followed by differentiation in 1% acid alcohol for 30 sec and 
washing under running tap water for 1 min, and then by bluing in 
0.2% ammonia water for 30 sec, washing again for 5 min, rinsing 
in 95% alcohol, and counterstaining with eosin-phloxine solution 
for 30 sec. The setions were then dehydrated with 95% alcohol 
and absolute alcohol for 5 min each, followed by 2 changes of 
xylene for 5 min each. Finally, the setions were mounted with 
xylene-based mounting medium.

. Morphological changes were observed under a Olympus 
DX45 microscope (Camera DP72; Olympus, Tokyo, Japan). 
Microscopic fields were randomly selected for observation in 
each paraffin section.

Measurement of serum proinflammatory cytokines by ELISA. 
The blood from the vena cava was drawn and then centrifuged 
at 3,000 rpm for 5 min to measure TNF-α, IL-1β and IL-6 
levels were measured by enzyme-linked immunosorbent assay 
(ELISA) using a commercial kit according to the manufac-
turer's protocols.

Measurement of NCV. Νerve conduction velocity (NCV) was 
measured in the sciatic nerves of the rats. The rats were anesthe-
tized by peritoneal injection with 10% chloral hydrate (500 mg/
kg). Following disinfection of the right leg with alcohol, the 
stimulating and recording electrodes were placed. The sciatic 
nerve was stimulated with single supramaximal square wave 
pluses (1.2 V in intensity, 1 msec in width), using the Functional 
Experiment System (BL-420s; Taimeng, Sichuan, China). The 
distance between the two sites of stimulation was 6 mm. The 
distance (D) between the stimulating and recording electrodes, 
and the action potential latency (L) of the sciatic nerve were 
measured to calculate the motor NCV (MNCV) as follows: 
MNCV (m/sec)= D / L. For the determination of sensory NCV 
(SNCV), the recording site was located in the sciatic notch. 
SNCV was calculated in the same manner as the MNCV.
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Western blot analysis. The sciatic nerve tissues were washed 
twice with cold PBS and lysed in an ice-cold cell lysis buffer 
which was supplemented with a Protease Inhibitor Cocktail 
(Roche, Basel, Switzerland) to extract the total protein. The 
protein concentration was determined using the bicinchoninic 
acid method. The total protein lysates were dissolved in the gel 
loading buffer and boiled for 5 min. Equal amounts of protein 
were subjected to SDS-PAGE electrophoresis on 10% gel and 
transferred to nitrocellulose membranes (EMD Millipore, 
Billerica, MA, USA). Immunodetection was performed 
using antibodies against NF-κBp65 (cat. no. 8242; 1:1,000), 
p-p38MAPK (cat. no. 8690; 1:1,000), p-ERK (cat. no. 4370; 
1:1,000) and p-JNK (cat. no. 9251; 1:1,000). After overnight 
incubation with primary antibodies, the membranes were 
washed in Tris buffered saline with 0.1% Tween-20 (TBST), 
and then incubated in BLOTTO containing horseradish perox-
idase-conjugated rabbit anti-mouse (cat. no. 58802; 1:8,000) 
and goat anti-rabbit (cat. no. 7074; 1:500) secondary antibodies 
(Nanjing Enogene Biotech. Co., Ltd.) for 1 h at room tempera-
ture. The blots were rinsed and proteins were visualized by 
enhanced chemiluminescence (ECL; EMD Millipore) and 
quantified by densitometry (Quantity One; Bio‑Rad, Hercules, 
CA, USA). Membranes were stripped and reprobed with 
GAPDH (cat. no. 2118; 1:2000) to evaluate the lane-loading 
control. Histone-H3 (cat. no. 14269; 1:2,000), t-p38MAPK 
(cat. no. 2387; 1:1,000), t-ERK (cat. no. 4067; 1:1,000) and 
t-JNK (cat. no. 9252; 1:1,000) were used as loading controls. 

Results were expressed graphically as a ratio of phosphorylated 
to total protein.

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR). The mRNA transcripts were analyzed by qPCR of 
the sciatic nerve tissue. The RT-PCR reaction system (20 µl) 
was as follows: 10 µl SYBR Premix Ex Taq™ (2X), 0.4 µl PCR 
Forward Primer (10 µM), 0.4 µl PCR Reverse Primer (10 µM), 
0.4 µl ROX Reference Dye (50X), 2.0 µl cDNA, 6.8 µl ddH2O. 
Total RNA was isolated using a standard TRIzol RNA isolation 
method (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) following the manufacturer's protocols and was 
subjected to reverse transcription using Promega M-MLV 
reverse transcriptase (cat no. 9PIM170; Promega Corporation, 
Madison, WI, uSA). SYBR‑green qPCR was performed 
using a Bio‑Rad iQ5 Real‑Time PCR system according to the 
protocols provided with the SyBR Premix Ex Taq™ (Takara 
Biotechnology Co., Ltd.). The relative mRNA levels were 
normalized to the mRNA levels of β-actin and the fold-change 
of each mRNA was calculated using the 2-ΔΔCq method (15). 
Primer sequences for these biomarkers are as shown in Table I.

Statistical analysis. All statistical analyses were conducted 
using statistical analysis software (SPSS 18.0; IBMM, Armonk, 
Ny, USA). Comparisons between groups were performed using 
either paired Student's t-tests or one-way analysis of variance, 
where indicated. Data are presented as the mean ± standard 
deviation. Differences were considered significant at values of 
P<0.05.

Results

Body weight and blood glucose level. At 8 weeks post-
liraglutide treatment, the rats in the DM group exhibited an 
increased blood glucose level and decreased body weight 
compared with the rats in the NC group. Treatment with lira-
glutide did not alter body weight or blood sugar levels in the 
groups (Fig. 1).

Histological analysis of DPN among groups. The myelin of 
the myelinated nerve fibers in the NC group and the NCL 
group appeared dense, round and uniform, with an ordered 
lamellar structure presenting with neither axonal shrinkage 

Table I. Primer sequence of different genes for reverse 
transcription-quantitative polymerase chain reaction.

Genes Primer sequences (5'-3')

TNF-α F: GTCTGTGCCTCAGCCTCTTC
 R: TGGAACTGATGAGAGGGAGC
IL-1β F: CACCTCTCAAGCAGAGCACAGA
 R: ACGGGTTCCATGGTGAAGTC
IL-6 F: TCCAGTTGCCTTCTTGGGAC
 R: GTACTCCAGAAGACCAGAGG
ICAM-1 F: AGGTATCCATCCATCCCACA
 R: GCCACAGTTCTCAAAGCACA
MCP-1 F: GTGCTGACCCCAATAAGGAA
 R: TGAGGTGGTTGTGGAAAAGA
Neuritin F: GGGCGAAAGATATGTGGGAT
 R: CGAGAGAGACACCAGGAGCA
NGF F: CTGGACCCAAGCTCACCTCA
 R: GTGGATGAGCGCTTGCTCCT
NSE F: GAACTATCCTGTGGTCTCC
 R: CGACATTGGCTGTGAACTTG
NOX4 F: gAAgCCCATTTgAggAgTCA
 R: GGGTCCACAGCAGAAAACTC
β-actin F: ACGGGGTCACCCACACTGTGC
 R: CTAGAAGCATTTGCGGTGGACGATG

TNF-α, tumor necrosis factor-α; IL, interleukin; ICAM-1, inter-
cellular adhesion molecule 1; MCP-1, monocyte chemoattractant 
protein‑1; NgF, nerve growth factor; NSE, neuron‑specific enolase; 
NOX4, NADPH oxidase 4; F, forward; R, reverse.

Table II. Serum proinflammatory cytokine levels of each group 
of rats treated with saline or liraglutide for 8 weeks.

Groups TNF-α, pg/ml IL-6, pg/ml IL-1β, pg/ml

NC 86.10±6.61 145.58±16.54 248.65±120.27
NCL 90.49±13.42 151.10±25.81 250.11±50.08
DM 134.40±27.87a 254.62±25.46a 530.68±65.78a

DML 96.12±7.72b 166.80±28.15c 258.41±20.32c

Data are presented as the group mean ± standard deviation. aP<0.01 
vs. NC group; bP<0.05 and cP<0.01 vs. DM group. TNF-α, tumor 
necrosis factor-α; IL, interleukin; NC, normal control + saline group; 
NCL, normal control + liraglutide group; DM, diabetic + saline 
group; DML, diabetic + liraglutide group.
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nor swelling (Fig. 2A and B). However, in the DM group, 
the myelin sheath was thin, loose and disorganized, with 
vacuolar-like defects (Fig. 2C). Following treatment with lira-
glutide for 8 weeks, the density of the myelin nerve fibers was 
partially restored in the DML group (Fig. 2D).

Liraglutide improves sciatic NCV. Sciatic nerve MNCV and 
SNCV of the 4 groups are presented in Fig. 3. The DM group 
exhibited significantly reduced MNCV and SNCV compared 
with the NC group (P<0.01). MNCV and SNCV were each 
significantly increased (P<0.01) in the DML compared with 
those in the DM group (Fig. 3).

Figure 2. Histological alterations of hematoxylin and eosin-stained sciatic 
nerves (magnification, x400). (A) The normal control + saline group; (B) the 
normal control + liraglutide group; (C) the diabetic + saline group; and 
(D) the diabetic + liraglutide group.

Figure 3. (A) MNCV and (B) SNCV were measured at 8 weeks post-treatment 
with saline or liraglutide in each group. Data are presented as the mean + stan-
dard error of the mean (n=10). In the DM group, the MNCV and SNCV were 
significantly reduced compared with that in the NC group. In the DML group, the 
MNCV and SNCV were increased significantly compared with that in the DM 
group. **P<0.01 vs. the NC group; #P<0.05 vs. the DM group; ##P<0.01 vs. the DM 
group. NC, normal control + saline group; NCL, normal control + liraglutide 
group; DM, diabetic + saline group; DML, diabetic + liraglutide group; MNCV, 
motor nerve conduction velocity; SNCV, sensory nerve conduction velocity.

Figure 1. Changes in body weight and blood glucose level in the 4 groups are presented over an 8-week period. (A and B) Body weight and glucose level 
changes in the NC, NCL, DM and DML groups. Data are expressed as the mean ± standard deviation of each group (n=6-10). **P<0.01 vs. the NC group. NC, 
normal control + saline group; NCL, normal control + liraglutide group; DM, diabetic + saline group; DML, diabetic + liraglutide group.
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Liraglutide decreases the level of proinflammatory cytokines 
in serum and sciatic nerves. The results data showed a signifi-
cant increase in serum proinflammatory cytokine (TNF‑α, 
IL-6 and IL-1β) level in the DM group compared with that 
in rats of the NC and NCL groups. Following 8 weeks of 
treatment with liraglutide, the level of TNF-α, IL-1β and IL-6 
in the peripheral serum of the DML group was significantly 
suppressed compared with that of the DM group (Table II). In 
addition, a similar phenomenon was observed at the gene level, 
where the mRNA expression of TNF-α, IL-6 and IL-1β was 
increased in the sciatic nerves of the rats in the DM group 
compared with that in the NC and NCL group. The mRNA 
expression levels of TNF-α, IL-6 and IL-1β in the sciatic 
nerves were attenuated in the DML group compared with 
that in the DM group (Fig. 4A-C). In the present study, it was 
also observed that the mRNA expression levels of MCP-1 and 
ICAM-1 were increased in the sciatic nerves of the DM group 
compared with that in the NC and NCL groups. Subsequent to 
liraglutide treatment, the mRNA expression levels of MCP-1 
and ICAM-1 were decreased in the sciatic nerves of the DML 
group compared with that in the DM group (Fig. 4D and E).

Liraglutide inhibits the expression of NOX4 in the rat sciatic 
nerve tissue. The IOD value of NOX4 staining in the NC group 
was 13.60±3.51; the IOD value of NOX4 staining in the NCL 
group was 14.02±4.22; the IOD value of NOX4 staining in the 
DM group was 56.60±6.91; the IOD value of NOX4 staining 
in the DML group was 24.43±9.01. There was a significant 
increase in the IOD value of NOX4 staining in diabetic rat sciatic 
nerves compared with that in the NC group (Fig. 5A and B). 
Following liraglutide treatment for 8 weeks, the IOD value of 
NOX4 staining in the DML group was reduced compared with 
that in the DM group (Fig. 5A and B). In addition, it was also 
observed that the mRNA expression of NOX4 was increased 

significantly (P<0.01) in the DM group compared with that of 
the NC group (Fig. 5C). Following treatment with liraglutide 
for 8 weeks, the mRNA expression of NOX4 was significantly 
lower (P<0.01) in the DML group compared with that in the DM 
group (Fig. 5C).

mRNA expression levels of neurotrophic factor in the sciatic 
nerve. In this study, the role of neurotrophic factor in DPN 
was also observed. Gene expression of neuritin, nerve growth 
factor (NgF) and neuron‑specific enolase (NSE) was quanti-
fied by qPCR in the sciatic nerves of 4 groups (Fig. 6). It was 
observed that the mRNA expression levels of neuritin and NGF 
were reduced in the sciatic nerves of the DM group compared 
with those of the NC and NCL groups. However, NSE was 
significantly increased in the sciatic nerves of the DM group 
compared with those of the NC and NCL groups. Subsequent 
to 8 weeks of treatment with liraglutide, the mRNA expression 
of neuritin and NgF was significantly increased (P<0.01) in 
the DML group compared with that of the DM group, NSE 
was reduced in the sciatic nerves of the DML group compared 
with that of the DM group (Fig. 6).

Liraglutide inhibits the p‑p38 MAPK/NF‑κB pathway. As is 
known, there are three distinct subfamilies of MAPKs: ERK, 
JNK and p38 kinases. In the present study, the levels of MAPK 
were examined in the sciatic nerve tissue of each group. At 
8 weeks post-liraglutide treatment, it was found that p-p38 MAPK 
was inhibited in the DML group compared with that in the DM 
group (Fig. 7). However, there was no significant difference in 
the protein expression levels of p-ERK and p-JNK among the 
groups (Fig. 7). The protein expression levels of NF-κB p65 
were also examined in the nucleus and cytoplasm in the sciatic 
nerve tissue of each group. Cytoplasmic NF-κB p65 expression 
in the DM group was significantly lower (P<0.05) than that in 

Figure 4. mRNA expression levels of TNF-α, IL-6, IL-1β, ICAM‑1 and MCP‑1 were quantified in the sciatic nerve by quantitative polymerase chain reac-
tion. The relative mRNA levels were normalized to the mRNA levels of β-actin and the fold-change of each mRNA was calculated using the 2‑∆∆Cq method. 
(A) TNF-α; (B) IL-6; (C) IL-1β; (D) ICAM-1; and (E) MCP-1. **P<0.01 vs. the NC group; ##P<0.01 vs. the DM group. NC, normal control + saline group; NCL, 
normal control + liraglutide group; DM, diabetic + saline group; DML, diabetic + liraglutide group; TNF-α, tumor necrosis factor-α; IL, interleukin; ICAM-1, 
intercellular adhesion molecule 1; MCP-1, monocyte chemoattractant protein-1.
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the NC and NCL groups (Fig. 7). However, nuclear NF-κB p65 
expression in the DM group was significantly increased (P<0.01) 
compared with that in the NC and NCL groups (Fig. 7). Following 
treatment with liraglutide for 8 weeks, the NF-κB pathway was 
markedly inhibited in the DML group (Fig. 7).

Discussion

DPN is the most frequently occurring chronic complication 
of diabetes and is associated with significant morbidity and 
mortality in diabetes patients (16). Various theories have been 
proposed concerning the pathogenesis of DPN, including 
oxidative stress, polyol pathway activation, increased amounts 
of advanced glycation end products, protein kinase C and 

MAPK activation, increased levels of inflammatory cyto-
kines, including TNF-α and IL-6, and neurotrophic factor 
deficiency (1,17‑22). Among the various theories concerning 
the pathogenesis of DPN, the pathway most vital for the 
development and progression of DPN appears to be that of 
inflammation (1). The role of inflammation in DPN has previ-
ously been reported (23,24). NF-κB and Nrf2 pathways are 
2 important pathways mediating cellular homeostasis through 
controlling nueroinflammation (1). Current theories that are 
focused on inflammation cytokine milieu and signaling path-
ways, such as the nuclear factor erythroid 2-related factor 2 
and NK-κB pathways, discuss the role of inflammation in the 
development and progression of DPN, with an emphasis on 
therapeutic strategies.

Figure 6. Levels of mRNA expression of neuritin, NgF and NSE were quantified in the sciatic nerve by quantitative polymerase chain reaction. The relative 
mRNA levels were normalized to the mRNA levels of β-actin and the fold-change of each mRNA was calculated using the 2‑∆∆Cq method. (A) Neuritin; 
(B) NGF; and (C) NSE. **P<0.01 vs. the NC group; #P<0.05 vs. the DM group; ##P<0.01 vs. the DM group. NC, normal control + saline group; NCL, normal 
control + liraglutide group; DM, diabetic + saline group; DML, diabetic + liraglutide group; NgF, nerve growth factor; NSE, neuron‑specific enolase.

Figure 5. (A) Immunohistochemical staining of NOX4‑positive cells in the 4 groups (magnification, x400). (a) The NC group; (b) the NCL group; (c) the DM 
group; and (d) the DML group. (B) IOD value of NOX4 staining in the sciatic nerves of each group . (C) gene expression of NOX4 was quantified in the 
sciatic nerves by quantitative polymerase chain reaction. The relative mRNA levels were normalized to the mRNA levels of β-actin and the fold-change of 
each mRNA was calculated using the 2‑∆∆Cq method. **P<0.01 vs. the NC group; ##P<0.01 vs. the DM group. NC, normal control + saline group; NCL, normal 
control + liraglutide group; DM, diabetic + saline group; DML, diabetic + liraglutide group; NOX4, NADPH oxidase 4.
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The glucose-dependent insulinotropic hormone 
GLP-1 is produced by cleaving pro-glucagon in intestinal 
L cells (25-28). GLP-1R agonists are approved to improve 
glycemic control in diabetes patients, based on their abilities 
to slow gastric emptying, to suppress glucagon secretion and 
to stimulate insulin secretion from pancreatic β-cells in a 
glucose-dependent manner (29). In addition to their insulino-
tropic actions, certain studies have demonstrated that GLP-1R 
agonists exhibit neurotrophic and neuroprotective properties 
in certain neurons and neural cells (16,30-34). GLP-1 recep-
tors are present on sciatic nerve axons, Schwann cells and 
dorsal root ganglia (DRG) sensory neurons of normal and 
diabetic rats (11). Previous studies have suggested that GLP-1 
can enhance neuronal survival and plasticity in the brain (29). 
GLP-1 could thus be considered to possess the ability for the 
enhancement of neuroprotection within the peripheral nervous 
system, but not in the central nervous system. A previous study 
also demonstrated that GLP-1 receptor agonism could be 
neuroprotective in an experimental model of sensory neurop-
athy (35). Based on these findings, Liu et al (12) showed that 
synthetic exendin-4 may ameliorate DPN in skin and sciatic 
nerves through activating the GLP-1 receptor, antiapoptotic 
effects and restoration of cyclic adenosine monophosphate 
content. The present study investigated how liraglutide allevi-
ates the severity of DPN by inhibiting inflammatory signaling 
pathways.

Previous studies demonstrated that persistent hypergly-
cemia is a major nerve damaging factor (36,37); therefore, 
the normalization of the blood glucose level is vital for DPN 
therapy. However, such intensive therapies in DPN patients 

may increase the mortality risk and are likely associated with 
frequent severe hypoglycemia. Therefore, to prevent DPN, 
therapeutic strategies other than those those that target blood 
glucose normalization are required. In the present study, lira-
glutide did not alter body weight or blood sugar levels in any 
of the groups. Based on this, whether liraglutide alleviates the 
severity of DPN independent of glycemic control was investi-
gated. It was observed that the myelin sheath of the DM group 
was thin, loose, disorganized and exhibited vacuolar-like 
defects, and MNCV and SNCV were significantly reduced. 
Subsequent to 8 weeks of treatment with liraglutide, morpho-
logical and functional abnormalities were ameliorated in DML 
group rats. The present study therefore aimed to investigate 
the mechanism of GLP-1R agonists in the progression of DPN.

Certain studies have shown the association between inflam-
mation and DPN (1,23,24). However, the mechanism has not 
been fully elucidated. Therefore, the present study aimed to 
investigate whether inflammatory mediators are central to the 
pathogenesis of DPN. The serum levels of TNF-α, IL-6 and 
IL-1β were found to be significantly higher in the DM group 
than the control groups. Following 8 weeks of treatment with 
liraglutide, the level of TNF-α, IL-1β, and IL-6 in the periph-
eral serum of the DML group was significantly suppressed 
compared with that of the DM group. It was also observed 
that the mRNA expression levels of TNF-α, IL-6, IL-1β, 
MCP-1 and ICAM-1 in the rat sciatic nerves were attenuated 
in the DML group. Hence, it was shown that GLP-1R agonists 
reduced the serum levels of TNF-α, IL-1β and IL-6, and 
inhibited the mRNA expression levels of proinflammataory 
cytokines in the rat sciatic nerve.

Figure 7. (A) Representative western blotting of p- and t-ERK, p- and t-JNK, p- and t-p38 MAPK, and nuclear and cytoplasmic NF-κB p65 expression in 
NC, NCL, DM and DML groups. (B) Semi-quantitative densitometric analysis was used to summarize the fold-change in p- to t-ERK, p- to t-JNK, p- to 
t-p38 MAPK, nuclear NF-κB p65 to histone H3 and cytoplasmic NF-κB p65 to GAPDH in each group. *P<0.05 vs. the NC group; **P<0.01 vs. the NC group; 
#P<0.05 vs. the DM group; ##P<0.01 vs. the DM group. NC, normal control + saline group; NCL, normal control + liraglutide group; DM, diabetic + saline 
group; DML, diabetic + liraglutide group; p-, phosphorylated; t-, total; ERK, extracellular signal-regulated kinase; JNK, c-Jun NH2-terminal kinases; MAPK, 
mitogen-activated protein kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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The MAPK pathway is a classical pathway that can indirectly 
or directly initiate the production of inflammatory mediators and 
the activation of NF-κB (1). A previous study showed that high 
glucose activated JNK and p38 MAPK which did not result in 
cell damage. However, oxidative stress activated ERK and p38 
MAPKs which resulted in cellular damage. In the dorsal root 
ganglia of type 1 diabetic rats, ERK and p38 MAPK were acti-
vated at 8 weeks, and then JNK was activated at 12 weeks (38). 
The present study examined the activation of p38 MAPK in 
the sciatic nerve from 8-week streptozotocin-induced diabetic 
rats; however, there was no activation of ERK and JNK in the 
sciatic nerves. Following 8 weeks of treatment with liraglutide, 
GLP-1R agonists inhibited the p38 MAPK activation. The 
activation of transcription factor NF-κB p65 was also observed 
in the sciatic nerves of the streptozotocin-induced diabetic rats. 
Following treatment with liraglutide for 8 weeks, the activation 
of NF-κB p65 was markedly inhibited in the DML group. We 
hypothesize that persistent hyperglycemia in the DM group 
ould induce the inflammatory cascade through the activation 
of the p38 MAPK/NF-κB pathway. p38 MAPK/NF-κB is a 
transcription modulator that upregulates the gene expression 
of proinflammatory cytokines. The anti‑inflammatory effects 
of GLP-1R agonists may be mediated through the inhibition of 
the activation of the p38 MAPK/NF-κB pathway, as activated 
p38 MAPK/NF-κB promotes the gene expression of TNF-α, 
IL-6 and IL-1β. The present study demonstrates that the 
p38 MAPK/NF-κB pathway can provide a targeted approach 
for the prevention of inflammatory changes in DPN.

Previous studies have demonstrated that oxidative stress has a 
significant impact on the pathogenesis of diabetes, including the 
associated complications such as DPN (4-6). A previous study 
demonstrated that oxidative stress serves a key contributory 
role in the progressive nature of DPN (1). Our present study also 
suggested that NOX4 is an important source of reactive oxygen 
species (ROS) production. Upon activation, it induces the produc-
tion of superoxide via oxidative stress and inflammatory responses 
in the mitochondria’ such ROS are indicated to be involved in 
the pathogenesis of diabetic complications, such as neuropathy. 
NOX4 is a subunit of NADPH, so it was as a marker of oxidative 
stress in the present study. There was a significant increase in the 
IOD value of NOX4 staining in the diabetic rat sciatic nerves. 
Following 8 weeks of treatment with liraglutide, the IOD value 
of NOX4 staining in the DML group was significantly lower 
than that in the DM group. It was also observed that the mRNA 
expression of NOX4 was significantly lower in the DML group, 
thus indicating DPN amelioration in liraglutide-treated rats.

A number of studies have suggested that neuritin and 
NGF serve key roles in the progressive nature of DPN (39). 
Karamoysoyli et al (22) showed that neuritin levels could be 
manipulated in diabetes to provide a potential therapeutic 
target in the management of neuropathy via mitogen-activated 
protein kinase activation. In the present study, it was observed 
that the mRNA expression levels of neuritin and NGF were 
reduced in the DM group. Following treatment with liraglutide 
for 8 weeks, the mRNA expression of neuritin and NGF was 
significantly increased in the DML group, thus indicating 
that liraglutide may ameliorate DPN. NSE, which is a highly 
soluble intracellular enzyme normally located in the cytoplasm 
in neuroendocrine cells, may be a novel biomarker of periph-
eral neuropathy in diabetes. Li et al (40) showed that serum 

NSE levels were increased in diabetic neuropathy subjects 
and that the elevated NSE levels were closely associated with 
DPN. In the present study, to the best of our knowledge, it was 
observed for the first time that the mRNA expression levels of 
NSE increased significantly in the DM group compared with 
the controls. The mRNA expression of NSE was significantly 
reduced in the DML group compared with that in the DM 
group, thus indicating that liraglutide may ameliorate DPN.

In conclusion, these data demonstrate that inflammation 
and oxidative stress serve key roles in the pathogenesis of DPN, 
and that GLP-1R agonists may prevent nerve dysfunction in 
the sciatic nerves of diabetic rats via the p38 MAPK/NF-κB 
signaling pathways, independent of glycemic control. Use of 
GLP-1R agonists may be a therapeutic strategy for slowing the 
progression of DPN.
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